(Okano et al., 1998a).
Introduction targeting results in extensive demethylation of all sequences examined (Li et al., 1992; Lei et al., 1996) . ToCovalent modification of DNA by methylation of cytosine gether, these findings strongly suggest that Dnmt1 funcresidues is a heritable and reversible epigenetic protions as a major maintenance methyltransferase in vivo, cess, which is involved in regulation of a diverse range ensuring "replication" of DNA methylation patterns after of biological processes in vertebrate animals, plants, each round of cell division. and fungi (reviewed by Colot and Rossignol, 1999). In
De novo methylation activity is detected predomimammals, DNA methylation is essential for normal emnantly in early embryos and embryonic carcinoma (EC) bryonic development (reviewed by Li, 1997 Figure 1C , see Experimental Procedures). Northern analysis using cDNA probes corresponding to the cataDnmt3b mutations. We first determined the expression patterns of Dnmt3a and Dnmt3b during early developlytic domain did not detect any stable transcripts from Dnmt3a and Dnmt3b targeted loci, indicating that the ment, taking advantage of the fact that both Dnmt3a and Dnmt3b mutant genes were tagged by insertion catalytic domain was not expressed from the mutant genes ( Figure 1D ). All homozygous ES cell lines retained of the IRES-␤geo cassette ( Figures 1A and 1B) . The expression pattern of Dnmt3 genes could thus be deterundifferentiated morphology and expressed Oct3/4, an undifferentiated ES cell marker ( Figure 1D ). We also mined by analyzing the lacZ expression pattern from the Dnmt3-IRES-␤geo fusion gene (Mountford et al., showed that Dnmt1 protein was expressed at approximately the same levels in all Dnmt3 mutant cell lines as 1994). We showed by X-gal staining of heterozygous embryos that Dnmt3a was moderately expressed in emin wild-type cells ( Figure 1E ( Figure 5B ). In contrast to hypomethylation of these reembryos lacked somites and did not undergo embryonic petitive sequences, methylation of the 5Ј upstream returning, indicating that their growth and morphogenesis gion of the imprinted gene H19 was unaffected in were arrested shortly after gastrulation ( Figure 4E) .
[Dnmt3a Ϫ/Ϫ , Dnmt3b Ϫ/Ϫ ] embryos ( Figure 5C ). This result These embryonic defects are very similar to those of is consistent with the observation that this region of Dnmt1 null mutant embryos ( Figure 4F) (Lei et al, 1996) H19 is subject to neither demethylation nor de novo but evidently more severe than those of Dnmt3a Ϫ/Ϫ or methylation during early embryogenesis ( 6A and 6B) . The major satellite DNA is composed of tandem repeats at copy numbers resulted in demethylation of sequences which were methylated at the time of implantation. As summarized of 700,000 that are located in the centromeric region (Hastie, 1989). We showed that the major satellite in Figure 5F itous, representing clonal variation, as methylation of were demethylated to approximately the same level as in Dnmt3b Ϫ/Ϫ cells, suggesting that disruption of Dnmt3a did not contribute to the demethylation of these repeats. Similar demethylation of the minor satellite repeats was also detected in E9.5 Dnmt3b Ϫ/Ϫ and [Dnmt3a Ϫ/Ϫ , Dnmt3b Ϫ/Ϫ ] embryos, but not in Dnmt3a Ϫ/Ϫ embryos ( Figure 7B ). These results suggest that the minor satellite repeats, in contrast to other repetitive sequences, are specific targets of Dnmt3b. It should be noted that the minor satellite repeats in Dnmt1 null mutant ES cells or embryos were demethylated to levels lower than those in Dnmt3b Ϫ/Ϫ ES cells or embryos (Figures 7A and 7B) , suggesting that Dnmt3b might contribute to methylation of a subset of minor satellite repeats. Ϫ/Ϫ mice a guanidine to adenosine mutation within intron 22, located 11 nucleotides 5Ј to the normal splice acceptor displayed different development defects. This raised the possibility that Dnmt3a and Dnmt3b might methylate site. This mutation results in the generation of a novel splice acceptor site (AGЈTA), which is presumably redifferent sets of sequences in the genome. Minor satellite DNA consists of tandem repeats at copy numbers of sponsible for the insertion of the adjacent 9 nucleotides into the altered transcript ( Figure 8D ). Neither the in-50,000-100,000, located in centromeric regions (Hastie, 1989) . We showed that the minor satellite repeats were tronic mutation nor the altered DNMT3B transcript was present in either parent, suggesting that it may be the substantially demethylated in Dnmt3b Ϫ/Ϫ , but not in Dnmt3a Ϫ/Ϫ ES cells ( Figure 7A) (Figure 2 ) and genome-wide de novo methylation occurring during early development, but it has no discernible effect on the maintenance of preexisting methylation patterns (see Figure 5F ). Our findings thus provide genetic evidence that Dnmt3a and Dnmt3b encode DNA methyltransferases which are primarily responsible for de novo methylation during development.
Mutations of Human DNMT3B in ICF Syndrome
While it remains possible that Dnmt1 might be involved in de novo methylation of some unique se- both Dnmt3a and Dnmt3b causes early embryonic lethality, demonstrating that de novo methylation is an essential process for mammalian development. As illustrated in Figure 5F , Dnmt3a and Dnmt3b carry out de healthy individuals (i.e., 100 alleles) failed to identify either the missense mutation or the altered transcript, novo methylation in early postimplantation embryos, resulting in a rapid increase in the methylation of bulk indicating that both mutations are unlikely to represent polymorphic variants in the population. These results, DNA while Dnmt1 is required for the maintenance of
De Novo Methylation Is an Essential

